A reflection-absorption Fourier-transform infrared spectroscopy experiment has been designed to in situ monitor poly͑2-methoxy-5-͑2Ј-ethylhexyloxy͒-1,4-phenylene vinylene͒ ͑MEH-PPV͒-based polymer light-emitting diodes under stress test. This method enables the in situ study of the co-relation between device performance and the conformational transformation of a conjugated polymer. The experimental results indicate that the plane of the conjugated -electron cloud in MEH-PPV tends to align parallel to the substrate. This rearrangement enhances the -electron coupling and lowers the device operating voltage under high current densities. © 2002 American Institute of Physics. ͓DOI: 10.1063/1.1430503͔
Recent studies on the materials have also shown that polymer morphology as well as polymer processing conditions ͑type of solvent, solution concentration, spin-coating speeds, condition of thermal annealing, etc.͒ play an important role in determining the final physical properties of the polymer thin film and subsequent device performance. [3] [4] [5] [6] [7] [8] [9] Polymers are long chain molecules and their morphology is subject to changes even after the fabrication of the polymer-based devices. Despite the recent progress made in understanding the correlation between processing conditions and device performance, there is still lack of direct evidence identifying the polymer morphology and its changes under different operating conditions. In this manuscript, we report an experiment designed to in situ monitor the conformational changes of the polymer chains in an operating polymer light-emitting diode ͑PLED͒. We were also able to apply this evidence to explain the initial changes observed in the device stress test.
In this letter, reflection-absorption Fourier-transform infrared spectroscopy ͑RA-FTIR͒ was the main tool used to investigate the orientation of molecular chain. 10 In principle, if there is a change accompanied by a reorientation of the dipole moment in the conformation of polymer chain, this difference can be detected through the RA-FTIR spectroscopy. For example, when a p-polarized IR beam is incident at a grazing angle to the substrate, the absorption for those dipole moments oriented normally to the substrate will be significantly enhanced. 11 An increase or decrease in the intensity of a particular IR absorption peak is therefore indicative of a change in the molecular chain orientation. This feature is of great benefit when examining the orientation of a specific group within the bulk polymer film. However, since the cathode ͑Ca/Al͒ and the anode ͑glass/indium tin oxide͒ used in the conventional PLEDs are opaque or absorbable respectively to the IR light, the technical challenge in applying the RA-FTIR for such an in situ study lay in the collection of the reflected IR signal. Although Scott et al. had tried to use RA-FTIR to characterize the degradation and failure in a PLED, 12 the IR beam still had to travel through the silicon wafer and ITO layer twice before reaching the detector in their deign.
To circumvent this problem, we used an arrangement as shown in the upper part of Fig. 3 . A 1200 Å thick gold film was thermally evaporated on a glass substrate to function as the reflective mirror for RA-FTIR as well as the anode for the light-emitting diodes. A MEH-PPV film with a thickness of ϳ1000 Å was spin coated on the gold surface in a nitrogen ambient. Finally, 5 Å of LiF and 100 Å of aluminum ͑Al͒ layer were sequentially evaporated on the MEH-PPV film under a vacuum of Ͻ10 Ϫ6 Torr. The semitransparent LiF/Al cathode allows most of the incident and reflected IR beam to pass through the MEH-PPV layer. Therefore, the spectra of RA-FTIR can be taken at the same time while the device was still under bias. The detailed instrumental setup and grazing-angle measurement were presented our recent publications. 5, 8 Figure 1 shows the normalized voltage (V) versus time (T) curves for devices being operated at constant current densities of 25, 50, and 75 mA/cm 2 , respectively. It can be seen that for devices operating at 25 mA/cm 2 , the applied voltage increased initially. This phenomenon is commonly observed for organic LEDs or PLEDs, and it is usually attributed to the failure of the organic/metal interface ͑or the so-called burn-in effect͒ or degradation of the material itself. [12] [13] [14] [15] [16] [17] [18] [19] However, with the increase in the current density to 50 or 75 mA/cm 2 , the applied voltage dropped during the first few minutes of the stress tests and then slightly increased. This drop in the voltage was higher for the device biased at 75 mA/cm 2 as can be seen from the insert of Fig. 1 . This decrease of device resistance may be attributed to the change in polymer morphology, caused possibly by the high injection current or high electric field and is explained henceforward.
In Fig. 2 , the in situ RA-FTIR spectra were taken after a͒
Author to whom all correspondence should be addressed; electronic mail: yangy@ucla.edu APPLIED PHYSICS LETTERS VOLUME 80, NUMBER 1 7 JANUARY 2002 the device was biased for 20 min at 0, 25, 37.5, and 75 mA/cm 2 , respectively. For the devices biased at 0, 25, 37.5 mA/cm 2 , the RA-FTIR spectra are basically identical with no generation of new peaks. This suggests that there is no detectable morphological transformation occurring in MEH-PPV at these current densities. In addition, this also suggests that our devices are quite stable with no serious polymer degradation during the course of these tests. However, as the current density increased to 70 mA/cm 2 , the intensities of 969 and 859 cm Ϫ1 peaks, corresponding to the C-H in-phase out-of-plane wagging mode of the vinylene and phenylene groups, respectively, increased. 12, 20 This may be due to the enhanced absorption of p-polarized IR by the reoriented vibrating dipoles of the C-H bonds of these two groups. This reorientation might be due to the influence of the injected current or the accompanying thermal effect.
We further illustrate this argument in Fig. 3 by two extreme cases for the orientation of conjugated chains inside the MEH-PPV film. 3 For case 2 in Fig. 3 , the normal to the plane of -electron cloud ͑defined by the double bonds in the phenylene and vinylene unit͒ is perpendicular to the normal of the substrate. In this orientation, the C-H wagging direction for the vinylene groups and phenyl rings is perpendicular to the substrate normal. Hence, for the grazing-angle incident p-polarized IR beam, the absorption of this kind of vibrating mode is relatively small. On the other hand, the RA-FTIR absorption is enhanced if the molecular orientation of the phenylene-vinelyene unit of MEH-PPV is along the plane of the substrate as illustrated in case 1 of Fig. 3 . Therefore, the enhancement of the 969 and 859 cm Ϫ1 peaks implies that the -electron clouds of the phenylene-vinelyene unit tend to stack themselves parallel to the substrate plane and also to each other. The parallel stacking of the -electron clouds provides a better overlap of intermolecular -electron orbitals, 21 thereby lowering the energy barrier for carrier hopping and the overall device resistance. Our results indicate that a small change in the average orientation of the phenylene-vinelyene unit of MEH-PPV causes a great deviation in the electrical and optical properties of polymer film, which manifests itself through the voltage drop as seen in the beginning of the stress test. The cause of the reorientation of MEH-PPV is still unclear. This phenomenon could be due to the high injection current, high electric field, or the accompanying thermal effect. We are still conducting research to identify the cause of this phenomenon.
Further proof about the existence of a correlation between the lowering of device operating voltage and the parallel stacking of the -electron clouds can be obtained by some previous studies done by Yang et The bottom part shows the two extreme examples for the orientation of conjugated chains inside the MEH-PPV films. In case 1, the plane of -electron cloud is oriented parallel to the substrate. Hence, the vibrating dipoles of C-H wagging mode are perpendicular to the surface plane. In case 2, the orientation is turned 90°. The difference between these two conformations can be distinguished through the RA-FTIR.
x-ray diffraction to investigate the distribution of polymer chains in solution cast, MEH-PPV films. 22 It was found that the orientation of conjugated chains was predominantly parallel to the plane of polymer thin film, regardless of the type of solvent used. Sirringhaus et al. also found a similar selforganization phenomenon in poly͑3-hexylthiophene͒ ͑P3HT͒, which resulted in a lamella structure with twodimensional conjugated sheets formed by interchain stacking. 23 This orientation of the thiophene rings in P3HT is the major reason for the high carrier mobility in this material.
In order to further identify the evidence for the conformational transformation, RA-FTIR spectra were taken as a function of bias time on devices biased at a constant current density of 70 mA/cm 2 as shown in Fig. 4 . Figure 4 shows the spectra taken after 1, 3, 5, and 20 min, respectively. The enhancement of the 969 and 859 cm Ϫ1 peaks can be easily seen after the first minute of continuous bias compared to the zero-bias RA-FTIR spectrum in Fig. 2 . As the biased time was increased from 3 to 5 min, the two peaks kept growing and finally reached a steady state after about 5 min. There is not much difference in the RA-FTIR spectra taken after 5 and 20 min of bias. The spectra also remained unchanged after the electrical bias was removed and on the application of a reverse bias indicative of some kind of a permanent change. This result is quite consistent with our observation in the logarithm scale voltage-time (V -T) curve in the insert of Fig. 1 where the lowest applied voltage is during the first few minutes of the stress test. The same tendency in the drop of the device resistance was also observed by Suzuki 24 and Lee et al. 25 in the studies of electrical annealing effect on electroluminescent devices. In addition to their proposed mechanism on the possible alignment of polar species under electric bias, we also attribute this phenomenon to the balance between conformational rearrangement of molecular chains and degradation of materials within the device. On the application of a higher applied voltage or current, the electrical field enables the reorientation of molecular chains, resulting in a better current transporting capability. Simultaneously, the degradation of the device itself causes an increase in the device resistance. Once the molecular conformational reaches a steady state, the degradation mechanism dominates and the applied voltage increases as can be seen in the V -T curve of Fig. 1 .
In conclusion, our results provide direct evidence for the conformational transformation of conjugated polymer films under electrical bias. The tendency of molecular reorientation has been identified in situ and linked to the performance of the PLED. Our results explain the voltage variation for PLEDs under different conditions of stress tests. This research is significant for two reasons: ͑a͒ our experimental design provides a suitable approach to characterize the molecular chain orientation within a device, and ͑b͒ this is an in situ measurement and can provide real-time information about device operation. In addition to monitoring morphological changes in polymers, this setup also provides critical information on the carrier transporting mechanism or other related physical properties within a PLED.
FIG. 4.
In situ RA-FTIR spectra are taken at 1, 3, 5, and 20 min, respectively, while the device was being biased at 70 mA/cm 2 . The process of the polymer conformational change is captured by the in situ measurements of RA-FTIR.
